To elucidate the molecular mechanism of muscle contraction resulting from the ATP-dependent actinmyosin interaction, we constructed an assay system with which both the force and the movement produced by the actin-myosin interaction in vitro can be simultaneously recorded and analyzed. The assay system consisted of the giant internodal cells of an alga, Nitelopsis obtusa, which contain well-organized arrays of actin filaments (actin cables) running along the cell long axis, and a glass microneedle (tip diameter, =7 gsm; elastic coefficient, =40 pN/jsm), which was coated with skeletal muscle myosin at the tip and extended from a micromanipulator at right angles with the actin cables. When the myosincoated tip of the microneedle was brought into contact with the exposed surface of the actin cables, it exhibited ATP-dependent movement along the actin cables over a distance of 20-150 jtm in 20-200 s (20-230C) and eventually stopped due to a balance between forces generated by the actin-myosin interaction (800-6000 pN) and by the bent microneedle. Since the load on the force-generating myosin molecules increased with the bending displacement of the microneedle (auxotonic condition), the relation between the load and the sliding velocity of the myosin heads past the actin cables was determined from the time course of the microneedle movement recorded with a video system. The shape of the force-velocity curve thus obtained was convex upwards, similar to that of the force-velocity curve of intact frog muscle fibers obtained under the auxotonic condition.
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Although it has been well established that muscle contraction results from the relative sliding between actin and myosin filaments (1, 2) , the molecular mechanism of the sliding force generation by actin-myosin interaction coupled with ATP hydrolysis still remains to be elucidated; a large gap still exists between the biochemistry of the actomyosin system in solution and the physiology of contracting muscle. In order to connect enzyme kinetics of actomyosin ATPase in solution with mechanics and energetics of contracting muscle, it seems essential to study systems in which both ATPase and force-length parameters can be measured. Considerable progress has recently been made in this respect by use of in vitro assay systems. One assay system, independently developed by Sheetz and Spudich (3) and Shimmen and Yano (4) , is based on the ATP-dependent sliding movement of small particles coated with myosin or its subfragments along well-oriented arrays of actin filaments (actin cables) in the giant internodal cells of green algae (5-7). With the above assay system, Hynes et al. (8) showed that the sliding movement is produced in or near the myosin heads. Another assay system, developed by Kron and Spudich (9) , is based on the ATP-dependent sliding movement of single actin filaments, labeled with fluorescent phalloidin, on myosin or its subfragments fixed to a glass surface. With this technique, Yano-Toyoshima et al. (10) demonstrated that the isolated head fragment of myosin (subfragment 1) is sufficient to cause sliding movement of actin filaments, in agreement with an earlier report that myosin heads are sufficient to generate force (11) .
In these assay systems, however, the movement takes place only under unloaded conditions, since even a single myosin molecule (or subfragment 1) is estimated to provide more than enough energy to move a single actin filament or single small particle (3) ; it has not yet been possible to record the force and the sliding velocity simultaneously in order to study the force-velocity characteristics of the ATPdependent actin-myosin interaction in vitro. As a longknown characteristic of contracting muscle is that its rate of energy liberation is determined by external load (12) , it is essential to know whether the rate of actin-myosin interaction coupled with ATP hydrolysis is influenced by external load in in vitro assay systems.
In the present study, we constructed an assay system based on the ATP-dependent sliding movement between the tip of a glass microneedle coated with myosin and the actin cables of the giant internodal cells of Nitellopsis obtusa. By recording the bending movement of the calibrated microneedle with a video system, we could simultaneously measure both the force and the velocity of sliding produced by the ATP-dependent actin-myosin interaction in vitro during the course of the bending movement. Since the load on the myosin molecules interacting with the actin cables increased with increasing degree of bending of the microneedle (auxotonic condition), we could obtain the force-velocity relation from the time course of the microneedle bending. The shape of the force-velocity curve obtained was convex upwards, being similar to that of the force-velocity curve of intact frog muscle fibers studied under the similar condition.
After this work was completed, there appeared a related report by Kishino and Yanagida (13 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 7 .0]. Then the cell was cut open along its whole length and further trimmed to obtain a strip of ==0.7 x -7 mm with the chloroplast rows running parallel to its length.
Experimental Arrangement. The experimental arrangement is shown in Fig. 1 . The experimental chamber consisted of a glass slide (G) mounted on the mechanical stage of an inverted light microscope (Nikon, Diaphoto-TMD), a pair of Lucite blocks (L and L'; 4 mm high) fixed to the glass slide, a glass coverslip (C; 1.5 x 2.5 cm) placed between the two Lucite blocks constituting the side walls of the chamber, and a pair of silicon rubber blocks (S and S') also fixed to the glass slide. The internodal cell strip preparation (P) was mounted flat between the rubber blocks by clamping each end to the block with aluminum foil (A and A') in such a way that the plane of the strip with the cell inner surface upwards inclined to the horizontal plane at an angle of ;20°. After the preparation was mounted, the whole space between the coverslip and the glass slide was filled with Mg-ATP solution. The solution in the chamber was exchanged from time to time with a pair of micropipettes.
Preparation of the Myosin-Coated Microneedle. Myosin was prepared from rabbit skeletal muscle (14) and stored in 50o (vol/vol) glycerol/0.3 M KCl/0.2 mM NaHCO3/1 mM dithiothreitol at -20TC. Before use, stored myosin was washed twice with 0.5 M KCl/20 mM Pipes, pH 7.0/1 mM dithiothreitol to prepare a myosin sample at a concentration of 1 mg/ml in 50 mM KCl/20 mM Pipes, pH 7.0/0.1 mM dithiothreitol.
Glass microneedles (tip diameter, 7 ,um) were made from glass rods (diameter, 1.5 mm) by using a microelectrode puller (Narishige, . The flexibility of the microneedles was determined by the method of Yoneda (15) . First, the flexibility of a relatively rigid glass needle (reference needle) was determined by putting known weights (up to 60 ,ug) to its tip and measuring the tip bending microscopically. Then, the compliance of the microneedle was calibrated by making it push against the reference needle (overall accuracy of calibration, ±+15%). Microneedles with an elastic coefficient of -40 pN/,um were used. The tip of the microneedle was first coated with poly(L-lysine) (Sigma) by immersion in a poly(Llysine) solution (3 mg/ml). Then the microneedle, held with a hydraulic micromanipulator (Narishige, MO-102), was introduced into the experimental chamber filled with Mg-ATP solution, and the myosin sample was sprayed onto the tip of the microneedle by means of a microinjection device consisting of a hand-operated syringe and a glass micropipette (tip diameter, =30 /Lm) placed close to the tip of the microneedle. By the above procedure, bipolar myosin filaments of length 1-2 ,um were bound to the needle tip in random orientations.
Experimental Procedures and Recording. The myosincoated microneedle (M in Fig. 1 ), extending from the micromanipulator horizontally and at right angles with the chloroplast rows of the cell strip preparation, was put in contact with the cell inner surface, where the actin cables are located, to initiate any bending movement caused by the ATPdependent actin-myosin interaction. The assay was performed at room temperature (20-23°C). The movement of the microneedle was observed with a Nikon x40 dry objective (n.a., 0.55) under bright-field illumination and was recorded with a video camera (30 frames per sec), which was mounted on the microscope and connected to a video cassette recorder (Sony, VO-9600). Analysis of the movement was performed on replay from the video cassette recorder, the changes in the position of the microneedle being measured on the monitor screen (magnification, x2000) by a video microscaler (FOR-A Co.).
RESULTS

Nature of the Movement of the Myosin-Coated Microneedle
Along the Actin Cables. Fig. 2 shows selected frames from a videotape of the sliding movement of the myosin-coated tip of a glass microneedle along the chloroplast rows of the internodal cell on which the actin cables are located. As soon as the needle tip was brought into contact with the inner surface of the internodal cell strip preparation, it started to move along the chloroplast rows in one direction over a distance of 20-150 ,um and eventually stopped completely in 20-200 s (frames A-F) due to a balance between forces generated by the actin-myosin head contacts and the bent microneedle. This force balance clearly indicated that the microneedle was bent by the ATP-dependent active sliding force generated by the myosin heads interacting with the actin cables. As the bending portion of the microneedles was -2 cm long whereas the distance of the needle tip movement was at most 150 Am, the resulting change in the needle tip angle with respect to the actin cables was very small (<0.0075 radian). The needle tip, which had stopped moving, stayed at the same position for only 2-10 s and then showed an elastic recoil to its initial position (frame G). During the elastic recoil, the needle tip movement was very slow at the beginning and grew faster with the progress ofthe movement. In most cases, the elastic recoil ofthe microneedle completed within 1-3 s. The elastic recoil of the needle might result from the tendency of the actin cable to give way under a maintained large stress.
The direction of the above bending movement of the microneedle was reversed across the "indifferent zone" (a region on the cell inner surface relatively free of chloroplasts and actin cables), and the direction of bending to either side of the indifferent zone was the same as that of protoplasmic streaming in the intact cell, as has been the case in the movement of myosin-coated particles along actin cables (3) (see Fig. 1 ). These results support the deduction of Sheetz and Spudich (3) that, since the orientation of myosin on the tip ofthe needle is random, the direction of movement caused by the ATP-dependent actin-myosin interaction is determined by the polarity of the actin cables.
The behavior of microneedles after the elastic recoil to the initial position was variable; in most cases they did not move again, probably because they did not return exactly to the same appropriate position for starting the actin-myosin interaction; in some cases they started to move again along the actin cables, although the distance of movement was smaller. If, however, the microneedle, which had moved for a distance, was detached from the cell surface before the beginning of its elastic recoil and then put in contact with the cell surface at the initial position or at other positions, the microneedle repeated sliding movements in a reproducible manner.
Time Course of the Microneedle Movement. The time course of the microneedle movement was examined by measuring the changes of needle position on video frames taken at intervals of 1 s. The time course of the microneedle movement was roughly classified into two types. In one type, the time course of the movement was sigmoidal (Fig. 3A) , so that the velocity of movement first increased gradually with time to reach a maximum and then decreased eventually to zero (Fig. 3C ). In the other type, the time course of the movement was nonsigmoidal (Fig. 3B) , and the velocity of movement was nearly maximum initially and then decreased gradually to zero (Fig. 3D) .
The microneedle movement along the actin cables did not always progress smoothly but sometimes exhibited irregular fluctuations, which were readily noticed as irregular changes in the velocity of movement. The degree of irregularity of the velocity changes differed from cell to cell, probably reflecting the difference in flatness and straightness of the actin cables between the cells.
Relation Between the Force and Velocity of Microneedle Movement. Since the force on a microneedle is calculated from its displacement and elastic coefficient, the relation between the force and the velocity of sliding movement between the myosin heads and the actin cables could also be studied under the auxotonic conditions-i.e., the condition in which the load on the myosin heads produced by the bent needle increases with the progress of the movement. Fig. 4 shows two different types of force-velocity relations corresponding to the two different types ofmicroneedle movement shown in Fig. 3 . In one type, corresponding to sigmoidal movement ( Fig. 3 A and C) , the force-velocity curve obtained was bell-shaped with a wide plateau region (Fig. 4A) , reflecting the fact that the velocity of movement first increased with time despite the increasing degree of microneedle bending (see Fig. 36 ). In the other type, corresponding to the nonsigmoidal movement ( Fig. 3 B and D) , the velocity of movement was maximum near zero force and decreased with increasing force (Fig. 4B) . The maximum sliding velocity of the needle tip past the actin cables observed in the present study was 1.6 + 0.7 tim/s (mean + SD, n = 28), while the maximum "isometric" force generated by the myosin heads on the needle tip was 800-6000 pN.
It is generally believed that each myosin head in muscle has the same force-generating ability (16) . On this basis, the initial increase of velocity of microneedle movement with the progress of microneedle bending (Fig. 3A) seems to result from the recruitment of force-generating myosin heads (i.e., the increase in the number of force-generating myosin heads as the needle slides past the actin cables). The number of force-generating myosin heads would reach a maximum at a certain time after the beginning of the movement and would stay constant until completion of the movement. If this explanation is correct, the ascending and plateau regions of the force-velocity relation in Fig. 4A result from myosin head recruitment and therefore do not reflect the kinetic properties ofeach individual myosin head. On the other hand, the forcevelocity relation shown in Fig. 4B may be associated with the constant number of force-generating myosin heads throughout the whole period of movement and may therefore be taken to reflect the kinetic properties of each myosin head interacting with actin. Fig. 5 shows the force-velocity curve constructed from seven different force-velocity data sets, showing the maximum velocity of movement near zero force. The shape of the curve was convex upwards, unlike the well-known hyperbolic force-velocity curve of muscle obtained under the isotonic condition. This point will be discussed later.
Effect of Reducing the Load on a Myosin Head Generating "Isometric" Force. On a microneedle that has stopped after a distance of sliding movement, the myosin heads are generating the maximum isometric force equal to the load on them provided by the bent needle. To study the behavior of the myosin heads generating the maximum isometric force when the load on them is reduced, experiments were performed in which the fixed end of a microneedle was displaced with a piezoelectric device in such a way that the force exerted by the needle (i.e., the load on the myosin heads) was reduced to a lower value. When a microneedle came to a complete stop after a distance of sliding movement, the force exerted by it was reduced by displacing the fixed end of the needle, and then the needle again moved along the actin cables over a certain distance and stopped (Fig. 6A) . The amount of isometric force reached after the completion of movement was almost the same after the first as after the second movements, indicating that the myosin heads redevelop the maximum isometric force in response to a reduction in load as does a contracting muscle after a quick release.
DISCUSSION
In the present study, we constructed an in vitro assay system that enables us to record not only sliding movement but also isometrically and then subjected to a quick release to reduce the force to zero. The subsequent force-redevelopment signal was fed to the servomotor to generate a force antagonizing the force generated by the fiber. Since the opposing force in the servomotor increased as the fiber developed more force, the fiber had to shorten against a load increasing with the progress of shortening-i.e., under the auxotonic condition (Fig. 7 Inset). The force-velocity curve of a single frog fiber obtained in the auxotonic condition was found to be convex upwards (Fig. 7) , irrespective of the apparent compliance of auxotonic loads used (1.4-6.5% LO/PO), indicating that the convex shape of the force-velocity curve shown in Fig. 5 may result from the kinetic properties of the myosin heads, which appear to be essentially the same in the myosin sample on the microneedle and in myosin filaments in living muscle fibers. During auxotonic shortening, the shortening velocity of the fiber first increased with increasing auxotonic load and then decreased gradually to zero as the load was further increased (Fig. 7) , as was the case in the sigmoidal type of microneedle movement (Fig. 4A) . This suggests that a quick release applied to an isometrically tetanized fiber produces an appreciable decrease in the number of force-generating crossbridges, which is followed by their recruitment with the progress of auxotonic shortening.
